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We present the experimental reconstruction of the Wigner function of an individual electronic
spin qubit associated with a nitrogen-vacancy (NV) center in diamond at room temperature. This
spherical Wigner function contains the same information as the density matrix for arbitrary spin
systems. As an example, we exactly characterize the quantum state of a single qubit undergoing a
nearly pure dephasing process by Wigner function. The fidelities and purities during this process
are extracted from the experimental reconstructed Wigner functions, whose dynamics agree with
the theoretical prediction. Our method can be applied to multi-qubit systems for measuring the
Wigner function of their collective spin state.
Quantum state tomography of a system from mea-
surements is an important topic in the emerging field
of quantum technology. Through full state reconstruc-
tion, one can estimate the properties of quantum sys-
tems such as entanglement and purity, and furthermore
determine their potential application in fields of quan-
tum metrology[1–6], quantum simulation[7–9] and quan-
tum computation[10–16]. The most common method for
full characterization of any quantum state is the den-
sity matrix reconstruction. However, as the number of
qubits increases, the density matrix reconstruction with
maximum likelihood estimation[17] in practice becomes
problematic.
As a counterpart of density matrix reconstruction, the
Wigner function was originally proposed for describing
quantum systems with continuous degrees of freedom,
for instance the harmonic-oscillator phase-space descrip-
tion of electromagnetic fields[18]. Many efforts have been
made to generalize the method of the Wigner function
to quantum systems with a finite-dimensional Hilbert
space[19–29], such as systems of arbitrary angular mo-
mentum in spherical phase space. However, a complete
reconstruction of the Wigner function in solid-state spin
systems has not been experimentally realized.
Generally, as for spin system consisting of N atoms,
with each atom representing a pseudo-spin-1/2 subsys-
tem, the corresponding Wigner function is given as[19–
21]
W(θ, φ) =
√
2
pi
2j∑
k=0
k∑
q=−k
Ykq(θ, φ)ρkq, (1)
where j = N/2 is the total spin length, and Ykq are the
usual spherical harmonics. θ is the polar angle measured
from the +z-axis, and φ is the azimuthal angle around
the z-axis. Here, the density matrix ρ is transformed
from j-space (the Dicke representation ρmm′ = 〈m |ρ|m′〉
of the density matrix) to k-space (the spherical harmonic
decomposition ρkq by ρkq =
∑j
m=−j
∑j
m′=−j ρmm′t
jmm′
kq
with multipole operator-related coefficient tjmm
′
kq =
(−1)j−m−q 〈j,m; j,−m′|k, q〉, where 〈j,m; j,−m′|k, q〉 is
Clebsch Gordan coefficient. This Wigner function con-
tains the same information as the density matrix for
any spin- j system, further, the expectation value
of the angular momentum vector is proportional to
the center of mass of the Wigner function, 〈Ji〉 =√
j(j+1)(2j+1)
4pi
∫ pi
0
sin(θ)dθ
∫ 2pi
0
dφfi(θ, φ)W(θ, φ), where
i = (x, y, z) while fi(θ, φ) = {sin θ cosφ, sin θ sinφ, cos θ}.
In this letter, we experimentally reconstruct the com-
plete and continuous Wigner functions for the states of
the electron spin of an NV center in diamond. Expe-
riencing a nearly pure dephasing process, it is demon-
strated that the decay of the fidelities and purities ex-
tracted from the reconstructed Wigner functions is in
accordance with the dephasing time measured by a Ram-
sey sequence[30, 31]. Additionally, the minimum value of
the Wigner function (Wmin) is presented, which increases
from negativity to positivity with the electron spin de-
phasing into a more and more mixed state. The negativ-
ity completely vanishes when the purity of the spin state
extracted from the Wigner function is less than 2/3 which
is the main conclusion of Ref[29]. However, due to the
limited slices of Wigner function, the authors obtained
the purity from typical density matrix reconstruction in
that work.
The quantum-mechanical state of any two-level sys-
tem can be expressed as a 2 × 2 density matrix ρ =
1
2 (I + r · σˆ) with the vectors r = (x, y, z) ∈ R3 (‖r‖ =√
x2 + y2 + z2 6 1) and Pauli operators σˆ = (σˆx, σˆy, σˆz).
To visualize the spin state pointing on the surface of
Bloch Sphere, r is typically represented as r = r ·
(sin  cos η, sin  sin η, cos η) where  and η are the polar
and azimuthal angle, respectively. Inserting this density
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2FIG. 1. (color online). (a) Atomic structure of NV center
in diamond. The NV center in diamond which consists of
a substitutional nitrogen atom (N)associated with a vacancy
(V) in an adjacent lattice site of the diamond matrix[32], has
C3v symmetry. (b) Scheme of energy levels of the NV cen-
ter electron spin. Its ground state (3A2) and excited state
(3E) are both spin triplet, and the transition between the
two states is corresponding to the zero-phonon line(ZPL) at
637nm (1.945eV). The ground state (3A2) is a spin triplet
with zero-field splitting of 2.87GHz between ms = 0 and
ms = ±1 states. The excited states(3E) is governed by spin-
orbit and spin-spin interactions, split by 1.43GHz between
ms = 0 and ms = ±1 states, all excited states spin levels
(spin quantum number ms = 0,±1) exhibit spontaneous de-
cay by photon emission. (c) The laser and microwave pulse
sequence for the measurement of the Wigner function. The
second microwave pulse corresponds to the unitary operation
U(θ, φ)=e−iθ/2(cosφσx+sinφσy). τ is the dephasing time.
matrix of single qubit to Eq.1, one can achieve the theo-
retical Wigner function for single qubit as follows,
W(θ, φ) =
1−√3r[sin  sin θ sin(η − φ) + cos  cos θ]
2pi2
.
(2)
In general, due to connecting to the environment bath
spin states experience a complicated decoherence process
that contains both dissipative and dephasing dynamics.
To clarify the dynamics of Wigner function of the single
qubit, we experimentally prepare the spin state along y-
axis as |y〉 = |0〉+i|1〉√
2
, i.e.  = pi/2, η = pi/2, which mainly
suffers from the dephasing dynamics.
In the experiment, we use a purpose-built confocal mi-
croscopy to address and detect single nitrogen-vacancy
centers in a type-IIa, single-crystal synthetic diamond
sample (Element Six)[32]. The atomic structure and en-
ergy levels of the NV center in diamond are schematically
shown in Fig.1a and Fig.1b, respectively. By applying
a laser pulse of 532 nm wavelength with the assistance
of intersystem crossing (ISC) transitions, the spin state
can be polarized into ms = 0 in the ground state(
3A2).
FIG. 2. (color online). Experimental (a) and theoretical
(b) spherical Wigner function W(θ, φ) of a qubit in state
of |y〉 = (|0〉 + i |1〉)/√2 reconstructed on the curved Bloch
sphere. θ is the polar angle measured from the +z-axis, and φ
is the azimuthal angle around the z-axis. (c) Real and imag-
inary parts, respectively, of the reconstructed density matrix
elements of the qubit state. Each data point has been aver-
aged 106 repetitions. The error bars account for the statistical
error associated with the photon counting.
This process can be utilized to initialize and read out the
spin state of the NV center. The fluorescence photons
are detected by using the single photon counting module
(SPCM). Additionally, a small permanent magnet in the
vicinity of the diamond (magnetic field B ≈ 520G) that
is aligned parallel to the symmetry axis of the nitrogen
vacancy center splits the ms = ±1 spin levels. With this
magnetic field, the 14N nuclear spin of the NV center can
be also polarized with the laser pulse[33]. It is observed
in the optically detected magnetic resonance (ODMR)
spectra that the nuclear spin polarization is higher than
98%. We encode ms = −1 and ms = 0 in 3A2 as |0〉
and |1〉 of the electron spin qubit. The state of the qubit
can be manipulated with microwave pulses(1404.3MHz),
while the spin level ms = 1 remains idle due to large
detuning.
To make the Wigner function Eq. 2 more closely linked
to the experimental implementation, we rewrite it as
W(θ, φ) =
√
2
pi
j∑
m=−j
pm(θ, φ)Rmj ,
Rmj =
2j∑
k=0
√
2k + 1
4pi
tjmmk0
=
(−1)j−m√
4pi
2j∑
k=0
(2k + 1)
(
j j k
m −m 0
)
,
(3)
where pm(θ, φ) is the spin projection probabilities pro-
3jected along a specific quantization axis (θ, φ) with∑j
m=−j pm = 1. And the coefficient Rmj is written in
terms of a Wigner 3j-symbol. Based on the experimen-
tal equation, we can reconstruct the Wigner function of
the spin state from experimental result.
For each experimental cycle of Wigner function re-
construction as shown in Fig.1c, we start the sequence
with 1µs of laser illumination to polarize the nitrogen-
vacancy electron spin and nearby nuclear spins into state
|1〉. Then the qubit is prepared into state (|0〉+ i|1〉)/√2
by a pi/2 microwave pulse. An idle time of τ is fol-
lowed, during which the qubit dephases into a mixed
state. For the measurement of the Wigner function of
the state, we apply a second microwave pulse with phase
φ, Rabi frequency ΩW , and duration θ/ΩW . The second
microwave pulse thus corresponds to the unitary oper-
ation e−iθ/2(cosφσx+sinφσy). After the microwave pulse,
another 1µs laser pulse is applied and fluorescence emis-
sion is detected by the single photon counting module
and be normalized into the population of state |1〉 and
|0〉. We can obtain the expectation of pm(θ, φ) and recon-
struct exactly the experimental Wigner function basing
on Eq.3. To reconstruct the Wigner function, we vary
θ from 0 to pi with a step of pi/60 and φ from 0 to 2pi
with a step of pi/10. The variation of θ and φ is real-
ized by varying the duration and phase of the microwave
pulse, which is generated from an IQ-modulation sys-
tem where we use an arbitrary waveform generator (Tek-
tronix AWG510) to synthesize different frequencies and
phases. The generated microwave pulse is passed through
a switch, amplified by a power amplifier, and delivered
by an impedance-matched coplanar waveguide (CPW)
before being applied on the qubit.
Fig.2a presents the spherical Wigner function for the
state ρ0 = |y〉〈y| experimentally prepared at the ini-
tial time. The color on the Bloch sphere indicates the
value of W(θ, φ). As comparison, Fig.2b shows the the-
oretical Wigner function based on Eq.2 which agrees
with the experimental Wigner function in Fig.2a. The
density matrix of the spin state via standard quantum
state tomography is shown in Fig.2c, with ρ0,exp =( 0.482±0.014 −0.026±0.018−i(0.518±0.013)
−0.026±0.018+i(0.516±0.013) 0.518±0.014
)
.
As the state evolves in the dephasing process, the
state becomes more and more mixed. Starting from the
ideal initial state ρ0, the state should evolve as ρ(τ) =
1
2
( 1 −iexp[−(τ/T∗2 )2]
iexp[−(τ/T∗2 )2] 1
)
[34], where T ∗2 is the de-
phasing time. We apply Ramsey sequence on the electron
spin to measure T ∗2 . The Ramsey sequence is pi/2-τ -pi/2
which is shown in the inset of Fig.3b). The dephasing
time T ∗2 = 2.64±0.06µs can be obtained by fitting of the
experimental Ramsey signal shown as the red circles in
Fig.3b. We use fidelity and purity of the state to evaluate
this dephasing dynamics. The fidelity and purity of the
state ρ(τ) are defined as F = (Tr(
√√
ρ0ρ(τ)
√
ρ0))
2 and
P = Tr(ρ(τ)
2
), which gives F = 0.5 + 0.5exp[−(τ/T ∗2 )2]
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FIG. 3. (color online). (a) Dynamics of the Wigner function-
extracted fidelity in a nearly pure dephasing process. The
black triangle represents the fidelity extracted from exper-
imental Wigner function. The dashed line is the theoret-
ical prediction. The three insets are the surface-plotted
Wigner function (Wτ ) at time τ = 0µs, 2.4µs and 4.8µs.
(b) The Ramsey oscillation of the electron spin coherence.
The data were taken with the microwave detuning of 0.5
MHz by varying the temporal separation between the two
microwave pi/2 pulses. The Ramsey signal(red circle) was
fitted to exp[−(τ/T ∗2 )2] cos(2pift) (blue line)[30, 31] where
f values correspond to the microwave detuning, obtained
T ∗2 = 2.64± 0.06µs. The inset is the experimental microwave
pulse sequence of the electron-spin free precession. Each data
point has been averaged 106 repetitions. The error bars
account for the statistical error associated with the photon
counting.
and P = 0.5 + 0.5exp[−2(τ/T ∗2 )2] as theoretical predic-
tion. In the language of Wigner functions, they can be ex-
pressed as F = 2pi
∫ pi
0
sin(θ)dθ
∫ 2pi
0
dφWτ (θ, φ)W0(θ, φ)
and P = 4pi
∫ pi
0
sin(θ)dθ
∫ 2pi
0
dφW2τ (θ, φ), where Wτ and
W0 are the Wigner functions corresponding to ρ(τ) and
ρ0, respectively. Fig.3a and Fig.4a show the fidelity and
purity extracted from the experimental Wigner function
Wτ which are in good agreement with the theoretical
predictions.
Further, we find that the Wigner function of the pre-
pared initial state has negative region and Wmin in-
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FIG. 4. (color online). (a) Dynamics of the Wigner function-
extracted purity in a nearly pure dephasing process. The
red triangle is the extracted purity, and the blue dashed line
is theoretical prediction. (b) Measured Wmin in a nearly
pure dephasing process. The red triangle is the experimental
data, and the blue dashed line represents a theoretical curve
1−√3 exp[−2(τ/T∗2 )2]
2pi2
derived from Eq.2. Each data point has
been averaged 106 repetitions. The error bars account for the
statistical error associated with the photon counting.
creases gradually. As expected as the simulation (Eq.2)
(Fig.4b), the negativity of the Wigner function com-
pletely vanishes around 2.0µs when the purity of the spin
state extracted from the Wigner function is less than 2/3,
in agreement with the main observation in Ref[29].
In conclusion, we report the experimental reconstruc-
tion of the spherical Wigner function of a single qubit
state for an NV center in a bulk diamond. In a nearly
pure dephasing process, Wigner functions at different
time are measured to extract the dynamical informa-
tion of the spin states. We present the dynamics of
the Wigner function-extracted fidelity and purity whose
behavior agrees with the theoretical prediction. Our
method can be applied to multi-spin systems for quantum
state tomography instead of density matrix reconstruc-
tion, which is problematic in large spin systems.
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